Abstract-We report a simple theory for the reduction of substrate modes in quasi-optical power-combining arrays. This qualitative theory predicts that detrimental substrate-mode effects can be greatly reduced through a judicious choice of the array unit cell size. Experimental evidence from quasi-optical tripler grids is presented to confirm the theory. Measured results show a dramatic improvement in the radiation pattern and effective radiated power of arrays with both grounded and ungrounded substrates.
I. INTRODUCTION
Q UASI-OPTICAL grids are intended to combine the outputs of many solid state-devices in free space. Some grid oscillators [1] have been quite successful. A 100-MESFET oscillator radiated 10 W at 10 GHz [2] . Other grid oscillators, on the other hand, have suffered from low-output powers and poor radiation patterns. The measured radiation pattern from a 36-MESFET grid revealed 4-dB sidelobes [3] . A 35-GHz monolithic oscillator had sidelobes only 2 dB less than the main beam [4] . Griffin [5] pointed out that these poor patterns are due to substrate modes that radiate through the edges of the array. Substrate-mode excitation could also be the cause of poor performance in other quasi-optical devices, including amplifiers and multipliers.
Substrate-mode power in grids can be reduced by choosing electrically thin substrates [6] . Monolithic grids, however, would be constructed on electrically thick high-dielectric-constant substrates. In this paper, we present a simple qualitative approach to minimize the effect of substrate modes through a careful choice of unit cell size. We confirm our theory with measurements from quasi-optical tripler arrays built on highsubstrates.
II. THEORY
Our theory is based on the work of Rutledge et al. [7] , Preventza [8] , and Pozar [9] , [10] . We begin by considering a quasi- optical grid as an array of short dipoles on a substrate, as shown in Fig. 1(a) . For simplicity, we assume a square array, where the dipole spacing is in both directions and there are elements on each side. For a given substrate thickness and dielectric constant, the effective dielectric constant and the propagation constant of the various dielectric slab waveguide modes can readily be determined [11] . The orientation of the dipoles is such that TE slab modes will propagate perpendicular to the dipole axis; these TE modes will degrade the grid's -plane pattern 0018-9480/01$10.00 ©2001 IEEE by radiating from the edges of the array. TM slab modes, on the other hand, will propagate parallel to the dipole axis and thus cause poor -plane patterns.
We next assume that each dipole in the array is excited with a uniform amplitude and phase. This is a clear oversimplification, especially for oscillator arrays where the phase between elements may be determined by the dynamics of the locking mechanism. Our uniform assumption is more valid for quasi-optical amplifiers and mixers, where the illumination can control the element excitation to a great extent. Nevertheless, the slab-mode power that the entire array excites can be calculated by integrating in the plane of the substrate. The power in a single-slab mode will be given by the expression
The coefficient is used to relate the power levels in different slab modes and can be calculated using the reciprocity approach developed by Rutledge et al. [7] . The first two terms in the integrand are familiar from antenna array theory. The function is the element factor for the short dipoles and is for TE modes and for TM modes, with defined in Fig. 1(a) . The mode power in (1) is a function of the element spacing ; the slab mode power will be large for certain spacings (e.g., spacings near a full guided wavelength) and will be small for other spacings.
III. MEASUREMENTS-UNGROUNDED SUBSTRATE
To test this approach, we fabricated quasi-optical tripler arrays using antiparallel diode pairs in each unit cell, as shown in Fig. 1(b) . The arrays were constructed on an ungrounded Rogers RT/Duroid 6010 substrate with a nominal relative dielectric constant of 10.5. For our calculations, we use a higher dielectric constant to account for the anisotropy of the substrate [12] . The edges of the arrays were tapered to reduce standing waves in the slab. At an output frequency of 5.2 GHz, two modes can prop- agate in the substrate: the and modes. Fig. 2 shows the relative substrate-mode power as a function of unit cell size for these modes. A single dipole will excite 26 dB more power into the TE mode than into the TM mode, which means the TE mode dominates the total substrate power. Furthermore, the TE mode power excited by a lone dipole is about 12 dB greater than the power that dipole will radiate into the air. We fabricated two arrays with unit cell sizes of 25.6 and 31 mm. The larger grid should excite over 20 dB more substrate power than the smaller array. These substrate effects should be evident in the grid's -plane radiation pattern.
We measured the radiation patterns by illuminating the grids with power at one-third of the 5.2-GHz output frequency. The illuminating source's third harmonic was removed with a notch filter to eliminate confounding effects. Fig. 3 illustrates the measurement setup. The radiated power from the tripler grids could then be separated from the input power with a spectrum analyzer. Fig. 4 shows the -plane radiation patterns for both ar- rays. The larger array has very high sidelobes, which are indicative of substrate-mode excitation. The smaller grid has a much better radiation pattern, with a 9-dB sidelobe level. We conclude that the substrate moding effects are greatly reduced. The -plane pattern of the smaller array was good and showed no evidence of substrate modes, as shown in Fig. 5 . A nonuniform current distribution may be the cause of the beam broadening. In addition, the peak effective radiated power (ERP) measured by our receiving antenna was 13 dB higher for the smaller grid. Our measurements are summarized in Table I . These results indicate that a small change in cell size can have a dramatic effect.
To further validate our theory, we tested the same grids at an output frequency of 6.0 GHz. In this case, we predict the smaller (25.6 mm) grid will excite more substrate-mode power than the larger (31 mm) array, as shown in Fig. 6 . In this case, the difference in substrate power is 9 dB. The -plane radiation patterns confirm our prediction, as shown in Fig. 7 . The smaller grid's radiation pattern is poor, resembling a monopulse pattern, with no main beam at all. The larger grid has a much better pattern, with 8-dB sidelobes. The larger grid's -plane pattern is very good, with no evidence of substrate moding, as shown in Fig. 8 . The peak ERP radiated from the smaller grid was 11 dB lower than the power from the larger grid. These results are summarized in Table II . Again, we see the unit cell size can greatly affect the grid's performance.
IV. MEASUREMENTS-GROUNDED SUBSTRATE
To further validate our theory, we tested the performance of our arrays when placed on a thicker grounded substrate. Two slab modes can propagate in the substrate at a frequency of 4.9 GHz: the and modes. A single short dipole on this grounded substrate will excite 5 dB more power into the TM mode than into the TE mode. Furthermore, the TM mode power excited by a single dipole will be about 6 dB greater than the power this dipole will radiate into the air. Fig. 9 shows the predicted substrate power as a function of unit cell size. At larger cell sizes, the TM power dominates. We would, therefore, expect a degradation in the array's -plane pattern. We predict that the larger (31 mm) grid will excite 16 dB more substrate power than the smaller (25.6 mm) grid. We measured the radiation patterns reflected from the array. Fig. 10 shows the -plane radiation patterns for both arrays. The larger array has high sidelobes-only 3 dB below the peak-which indicate significant substrate-mode excitation. The smaller grid had a much better radiation pattern, with a 12-dB sidelobe level. The -plane pattern of the smaller array showed no evidence of substrate modes, as shown in Fig. 11 . In addition, the peak ERP measured by our receiving antenna was 16 dB higher for the smaller grid. Our measurements are summarized in Table III . Again, these results confirm our predictions.
V. CONCLUSION
In this paper, we have presented a simple qualitative theory for predicting the substrate-mode power in grid arrays. This theory predicts that the deleterious effects of substrate modes can be greatly reduced through a careful choice of the grid's unit cell size. We verified these predictions with experimental results from multiplier grids on both grounded and ungrounded substrates. We found that small changes in the unit cell size can have a dramatic effect on the grid's radiation patterns and ERP.
This technique may be useful in the design of monolithic quasi-optical components constructed on electrically thick substrates. This approach is most applicable to amplifiers, mixers, and other arrays with a quasi-optical input, as the incident beam will largely control the amplitude and phase distribution of the elements.
